The European wild rabbit (Oryctolagus cuniculus) is an introduced species in Britain, and populations have been profoundly in¯uenced by both man and disease. In stable environmental conditions, distinct social behaviour is observed, and this social structure leads to signi®cant genetic structuring at the intrapopulation level. In this study, European wild rabbits were sampled from 17 sites across the East Anglian region of Britain and genotyped with nine microsatellite loci. Genotypical proportions deviated signi®cantly from Hardy±Weinberg equilibrium, re¯ecting a degree of population subdivision and non-random mating. Several estimates of measures of population genetic structure revealed that populations are genetically distinct and have small eective population sizes. These distinctive properties are seen to be the combined eects of the social structure and random drift acting on bottlenecked populations after myxomatosis. It is concluded that the genetic structure seen in rabbit populations today is unlikely to re¯ect historical structuring present before myxomatosis, but that it results from recent events.
Introduction
The European wild rabbit (Oryctolagus cuniculus) originated in southern Spain and north Africa and now has a widespread global distribution, primarily because of the in¯uence of man. It was introduced into Britain in the eleventh century by the Normans, who kept captive populations of rabbits bred as a food and fur resource. Wild populations were rare owing to lack of a suitable habitat and an abundance of predators. In the eighteenth century, the growing of winter crops combined with an increased interest in game resulted in food resources becoming available and in the control of predators. This meant that populations could survive and increase in the wild (Sheail, 1971) . Within 200 years, populations had expanded over most of the UK. In 1952, the myxoma virus was introduced to France in an attempt to control rapidly increasing populations and, by 1953, the virus had spread to Britain where it caused an initial mortality of up to 99.9%. Although rabbits have developed some immunity to the disease, myxomatosis is still thought to have a considerable impact on population sizes.
Within the East Anglian region of Britain, the history of the establishment and distribution of rabbit warrens is well documented. Before the sixteenth century, rabbit warrening was largely restricted to areas of light sandy soil (Bailey, 1991) . Many areas of forest and heavy soil were inaccessible to rabbits until as late as the eighteenth or nineteenth centuries when land use began to change, and populations of wild rabbits became established.
The European wild rabbit is a burrowing animal that has evolved coloniality, the bene®ts of which include increased protection from predators, shelter and availability of nesting sites provided by the group warren, along with desirable changes in the quality and quantity of food produced by group foraging eects (Bell, 1983) . Within this system, small, stable breeding groups are formed, and linear dominance hierarchies are observed in both males and females, with dominant individuals generally exhibiting higher reproductive success (Bell, 1983) . Natal dispersal is sex biased; males disperse and females tend to remain within their breeding group (Webb et al., 1995) . This social structuring within a population of European wild rabbits is seen to result in higher relatedness among females within a social group than among males (Surridge et al., 1999 ). An overall reduction in gene¯ow is observed, leading to genetic structuring of the population, with breeding groups constituting genetically isolated units.
The ®ne-scale genetic structuring resulting from social behaviour may be expected to have a signi®cant impact on the larger scale population structure of the European wild rabbit. This study investigates the genetic structure of rabbit populations in the East Anglian region of Britain using nine polymorphic microsatellite loci, with the aims of examining: (i) the wider scale in¯uences of social behaviour; (ii) the historical eects of founder events as populations expanded across the East Anglian region; and (iii) the in¯uence of the myxomatosis bottleneck on population genetic structure. Populations from areas where rabbits were established initially were sampled together with areas where rabbit populations would have become established around 700 years later. The in¯uence of population bottlenecks and founder eects was assessed by estimating genetic diversity within these dierent populations.
Materials and methods

Sampling
Seventeen sites across East Anglia were sampled; between 20 and 55 individual rabbits were collected from each site. The approximate defended home territory of a rabbit is 0.25 ha; samples for this study were collected from areas of up to several hundred hectares. The distribution of sample sites across East Anglia is given in Fig. 1 . DNA was extracted from small pieces of ear tissue taken from rabbits shot as part of routine control procedures. Ear tissue was preserved in a highsalt tissue preservation buer.
Genetic analysis
DNA extraction was performed using standard techniques (overnight cell lysis using proteinase K, SDS and EDTA; protein puri®cation using chloroform followed by isopropanol precipitation) and polymerase chain reaction (PCR) ampli®cation and genotyping of microsatellite loci performed as described previously for the nine loci: sol03, sol08, sol30, sol33, sol44, sat5, sat7, sat8 and sat12 (Surridge et al., 1997) .
Statistical analysis
First, we estimated the genetic diversity within the populations sampled using the Shannon±Weaver diversity index (Shannon & Weaver, 1964) . This index integrates two aspects of diversity, variant richness as well as the frequency of each variant, i.e. the number of alleles and their frequencies. For an in®nite population, diversity is estimated by H¢ ± p i lnp i , where p i is the frequency of variant i, in this case allele i. The bias in H¢ resulting from ®nite sample size is small and can be ignored in most cases (Peet, 1974) . H¢ is maximized when each individual sampled carries unique alleles; thus, maximum H¢ is given by lnn, where n is the total number of alleles sampled. Relative diversity was calculated as the ratio of H¢ to maximum H¢. These diversity indices should reveal the eects of past bottlenecks and/or the founding of populations from a small number.
Secondly, we tested the genotypes at each locus for each population for deviation from the expected Hardy± Weinberg ratios using the software POPGENE POPGENE (Yeh et al., 1996) , which performs both chi-squared and likelihood ratio tests of statistical signi®cance. Rabbits show a high degree of social structure and, therefore, it is unlikely that the genotypical proportions in the sampled populations will conform to Hardy±Weinberg expectations. However, assuming that any heterozygote de®cit found is caused entirely by the eects of null alleles, it is possible to calculate the frequency of these null alleles from the expected (H e ) and observed (H o ) heterozygosity values. This can be given by:
r r e À r o ar e r o Chakraborty et lXY 1992 1 Thirdly, Wright's (1951) F ST , F IT and F IS (based on an in®nite allele model of mutation) were estimated in the form of h, F and f, the sample-based, respective estimators of these parameters proposed by Weir & Cockerham (1984) . These were computed using FSTAT FSTAT (Goudet, 1995) . Because there is no general consensus over which model of mutation is best applied to microsatellite data (Di Rienzo et al., 1994) , we also obtained estimates of Slatkin's (1995) R ST (based on a stepwise mutation model) in the form of / ST values calculated using AMOVA AMOVA (Michalakis & Excoer, 1996) . Pairwise genetic distances (in the form of h) were plotted against pairwise geographical distances in kilometres. A Mantel test (Mantel, 1967) was used to test for a signi®cant relationship.
Also estimated were Nm or gene¯ow in the form of number of migrants exchanged per generation, and N e , the eective population size. The relationship Nm (1/ 4F ST ) ± 0.25 (Wright, 1951) was used to estimate the number of migrants per generation from h, the estimator of F ST (where equilibrium conditions in terms of the eective size of a population over generations and the balance between drift and migration are assumed). Slatkin's (1985) method of estimating Nm, based on the distribution of rare or private alleles, was calculated (with re®nements) in GENEPOP GENEPOP (Raymond & Rousset, 1995) . Similarly, where steady state, neutrality and an in®nite allele model are assumed, Ewens (1972) has derived the expectation of the mean number of dierent alleles per locus in a sample as a function of the rate of mutation l, sample size n and the eective population size N e . Thus, for a given sample size and observed number of alleles, the value of 4N e l was obtained, and N e was calculated assuming a mutation rate of 10 ±3 , which lies between reported rates for microsatellites in rodents and humans (Dallas, 1992; Weber & Wong, 1993) . The formulae for N e derived by Crow & Kimura (1970) and Ohta & Kimura (1973) (where N e is a function of l and the observed heterozygosities for the in®nite and single-step stepwise mutation models respectively) were used to obtain N e values for comparative purposes.
Results
Microsatellite loci
All the microsatellite loci showed polymorphism, having between eight and 17 alleles and heterozygosities ranging from 0.24 to 0.72 (Table 1 ). The mean number of alleles per locus ranged from 3.45 to 7.78 in the 17 populations. Loci showing the greatest number of alleles tended to be interrupted repeats, for example sol03 (17 alleles), sat5 (17 alleles), sol33 (16 alleles) and sol30 (15 alleles). However, there appeared to be no clear correlation between number of repeats and number of alleles in our sample of microsatellite loci. Population-speci®c allele frequencies for all loci are given in the Appendix.
Departures from Hardy±Weinberg equilibrium
The social structure of the European wild rabbit prevents random mating. Re¯ecting this, all loci were seen to deviate signi®cantly from Hardy±Weinberg equilibrium using both chi-squared and likelihood ratio tests (P < 0.001). Observed and expected heterozygosities are given in Table 1 , together with the numbers of alleles observed per locus. All loci except sat12 showed a signi®cant heterozygote de®cit. Possible reasons for this de®cit, apart from population subdivision and assortative mating, include selection against heterozygotes and null alleles. Estimates of r for each locus are given in Table 1 (r 1 from eqn 1, r 2 from eqn 2). These frequencies are high for some loci, e.g. sol44 and sat7. The frequency of blank genotypes in the data set (possible null±null homozygote genotypes) ranged from 0.022 (for sat12) to 0.052 (for sat7).
Population differentiation and gene¯ow
The estimators of population dierentiation based on the in®nite alleles and stepwise mutation models showed a high degree of population dierentiation (h 0.150, P < 0.001; / ST 0.198, P < 0.001). Single-locus estimates of F, f, h and / ST are given in Table 2 . All loci show values of h and / ST signi®cantly greater than zero (P < 0.005). Estimates of gene¯ow, Nm, calculated from h and / ST are 1.42 and 1.01 respectively. Using the Also given are frequencies of null alleles (r) expected under departure from Hardy±Weinberg equilibrium using eqns (1) and (2) in the text.
private alleles method, a higher value of 2.82 individuals per generation was obtained.
Plots of pairwise h against geographical distance (Fig. 2) showed no apparent correlation between genetic and geographical distance (Mantel test, P > 0.05).
Effective population size
For a value of l 10 ±3 , we obtain estimates of eective population size of 541 using Ewens' formula, where the number of alleles per locus was averaged over loci and over populations. The methods based on heterozygosity values gave estimates of 253 and 380 for the in®nite alleles and stepwise mutation models, respectively, where heterozygosities were averaged over loci and over populations.
Diversity within populations
The Shannon±Weaver diversity index obtained for populations ranged from 0.92 to 1.79. Relative diversity ranged from 0.082 to 0.136. Of the populations sampled, 10 could be considered`ancient' populations, i.e. rabbit populations were known from historical records to be present in those areas before the sixteenth century (M. Bailey, personal communication), and the remaining seven were sampled from areas probably colonized by rabbits from the eighteenth century onwards, termed`recent' populations. As rabbits spread out from existing populations into previously unoccupied habitats in the eighteenth or nineteenth centuries, we might expect to see a loss of genetic diversity resulting from a small number of initial founders. Mean diversity for recent populations 0.112 (range 0.082±0.125) and, for ancient populations, mean diversity 0.114 (range 0.096± 0.136). There is no signi®cant dierence between these two sets of values. These reveal that there is no relationship between the site of the population (ancient site or recent site) and the diversity found within the population. Hence, the data show no evidence for founder eects in populations occupying areas radiating out from sites supporting ancient populations.
Discussion
The European wild rabbit exhibits a high degree of nonrandom mating and social structuring, and a consequence of this is a high degree of genetic structuring within a population (Surridge et al., 1999) . When dealing with sampled populations, therefore, it must be considered that Hardy±Weinberg assumptions do not apply, and that samples are being taken across genetically isolated breeding subunits. This is re¯ected in the data presented here, a marked eect being a large deviation from expected Hardy±Weinberg genotype frequencies in the form of a heterozygote de®cit. Thus, the combined eect of sampling across many breeding subunits, within which individuals are known to mate assortatively, is the major cause of the observed heterozygote de®cit (Surridge et al., 1999) . Null alleles could also be contributing to the de®cit observed, but the frequency at which they occur remains uncertain.
A high degree of population dierentiation is observed between the 17 populations, indicating that the populations are substantially isolated. Because of the low levels of gene¯ow, there appears to be no signi®cant trend of isolation by distance. A wide spread of pairwise genetic distances is observed, which cannot be correlated with geographical distance. These data are in good agreement with the results of previous studies on genetic structure of geographical populations of European wild rabbits. Richardson et al. (1980) found that there was signi®cant variation in local populations of rabbits in New South Wales using allozyme data, but this variation showed no clear pattern and was attributed to drift because of small eective population sizes. In contrast, rabbit populations in an arid region of Queensland show no genetic dierentiation and high levels of gene¯ow over 1600 km 2 . Moving into a semiarid ecosystem, populations become more structured (Fuller et al., 1997) . This dierence can be explained by dierences in ecology and demography. It has been shown that the genetic structure of eastern cottontail populations (Sylvilagus oridanus) is not solely a result of social structure (Scribner & Chesser, 1993) . In fact, it is the in¯uence of environmental parameters that determine the social behaviour, which, in turn, in¯uences the genetic structure. Gene¯ow between populations may be increased in three ways: population expansion in favourable conditions; successful dispersal into recently occupied areas after a population crash (Daly 1979) ; and mass emigration when resource shortage develops. So, we may suggest that, in favourable, more stable conditions such as those experienced in Britain, strict, stable social organization develops, leading to reduced gene¯ow and small eective population sizes. If eective population size is small, this is expected to lead to changes in the genetic structure of a population because of random drift and, hence, distinct population dierentiation.
Estimates of eective population size corresponded well with others obtained previously for the European wild rabbit. From ecological studies, a ®gure of 120 has been obtained (Daly, 1979) and, using an isolation by distance calculation from distance moved between birth and breeding, Richardson (1981) estimated an eective population size of 170. Over non-arid regions of Australia, eective population size has been calculated at between 220 and 340 using coalescence theory (Zenger, 1996) , showing close agreement with our estimates of 253±380 based on heterozygosity under an in®nite alleles model and a stepwise mutation model. However, caution must be applied when interpreting estimates of eective population sizes obtained using models that have certain assumptions, such as ®xed population size and random mating, which are unrealistic in a species displaying pronounced social behaviour such as the European wild rabbit.
Our data show no evidence for founder eects reducing genetic variation within populations as rabbits expanded into unoccupied habitats. A possible reason for this is the eects of the population bottleneck experienced as rabbit populations were exposed to myxomatosis later on in their history. The resulting survivors in a population would have undergone loss or ®xation of dierent alleles because of drift, leading to genetic dierentiation of geographically isolated populations and the obscuring of much genetic structure induced by past events.
It is often assumed that, when a population goes through a severe bottleneck, random genetic drift will induce a massive loss of genetic variability. Despite the extremely large mortality induced by myxomatosis, much variation is still observed within rabbit populations, with average heterozygosity being 0.520. The reduction in heterozygosity induced by a population bottleneck depends not only on bottleneck size but also on the rate of population growth after the bottleneck, with rapid growth limiting the severe eects of drift to a few generations. However, the loss of alleles is largely dependent on bottleneck size only (Nei et al., 1975) , because the bottleneck tends to eliminate many lowfrequency alleles from the population. It is proposed that the rabbit's short generation time, together with high fecundity leading to a rapid population growth rate, could account for the degree of heterozygosity observed in present populations, despite the severity of the bottleneck. On the other hand, despite the degree of variation still observed in European wild rabbit populations, there can be no doubt that a disease such as myxomatosis resulting in the death of 99.9% of a population must have a signi®cant eect on the genetic structure of that population.
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